The flow in the human ascending aorta was quantified using two-dimensional (2D) cine phase-contrast magnetic resonance imaging (MRI). The quality and reliability of the method were demonstrated with a specially designed phantom model; the flow rate determined with the MRI agreed well with that obtained with a measuring cylinder. The method was then used to measure the aortic blood flow of three healthy human volunteers. The velocity profiles at the supra-aortic valvular plane and ascending aortic plane (approximately 2 and 5 cm distal to the aortic valve, respectively) were significantly different. At the peak of systole, the profile was almost axisymmetric at the supra-aortic valvular plane, while it was skewed towards the anterior side of the vessel at the ascending aorta. The Reynolds number, volume flow rate, and stroke volume were all within the normal physiological range. This study demonstrated that the 2D cine phase-contrast MRI technique can be used to provide detailed information on the flow velocity and configuration of a blood vessel, making it a promising tool for analyzing complex hemodynamics in the aorta.
Quantitative Measurements on the Human Ascending Aortic
Flow Using 2D Cine Phase-Contrast Magnetic Resonance Imaging
Introduction
The aorta is the main trunk of the vertebrate circulation system. Its root is directly connected to the left ventricle of the heart. Due to the complex configuration and function of the left ventricle (1) , aortic blood flow has a complex three-dimensional nature (2) . There have been several attempts to quantify aortic flow dynamics. Using a constant temperature hot-film anemometer, Paulsen et al. (3) showed that the velocity profile in the ascending aorta matched that of a flat transitional flow with a slight skew towards the posterior and left wall of the aorta. By contrast, studies performed by Rossvoll et al. (4) showed an anteriorly skewed velocity profile in the aortic annulus. Non-uniformity of the velocity profile at various levels of the ascending aorta (5) , as well as in the left ventricular outflow tract (6) - (9) , has also been reported. As exemplified above, general agreement has not been reached on the spatial distribution of aortic flow, and the direction of the skew in particular, due probably to the limited resolution of available measurements both in time and space. However, all researchers are in agreement that the velocity profile in the aortic annulus is not uniform.
Recent developments in cine phase-contrast magnetic resonance imaging (MRI) permit more quantitative measurements of the flow velocity in the heart (1) , (10) and blood vessels (11) - (13) . The technique is non-invasive and applicable to most of the blood vessels in a human body, particularly to vessels in the interior of the skull and the pelvic region, which are not accessible to ultrasound examinations. Furthermore, the simultaneous acquisition of velocity and geometric data of a blood vessel makes it possible to estimate the blood flow rate, which is of great advantage not only from an engineering viewpoint, but also for clinical requirements.
This study analyzed the unsteady flow velocity profile at the supra-aortic valvular plane and at the ascending aortic plane quantitatively using two-dimensional (2D) cine phase-contrast MRI. The reliability of MRI measurements was demonstrated in test experiments on a specially designed flow phantom model.
Materials and Methods
Two-dimensional cine phase-contrast MR examinations on a phantom model and human volunteers were carried out using a Signa Infinity Echo Speed 1.5 T MR system with the Excite option (GE, USA). The following MR parameters were used: repetition time (TR) 29 ms for the phantom model and 33 ms in vivo; echo time (TE) 5.75 ms for the phantom model and 6.3 ms in vivo; velocity encoding range (VENC) 150 cm/s; flip angle 30 degrees; slice thickness 5 mm; matrix 192 × 192; and field of view (FOV) 32 × 24 cm with a spatial resolution of 1.25 × 1.25 mm/pixel. All images were acquired using an ECG-gated gradient echo sequence.
With 2D cine phase-contrast MRI, we could obtain a magnitude image that provided anatomical information, as well as phase-contrast images that provided velocity data in the three orthogonal directions. The acquired magnitude and phase-contrast images were transferred to a PC for the flow analysis. In phase-contrast images, the brightness is proportional to the magnitude of the velocity (the velocity can be either positive or negative depending on the direction of the flow projected onto the scanned plane). Here, flow heading from the paper to the reader is shaded white. The region of interest, which was the aortic lumen boundary for the human measurements, was traced manually on the magnitude image at each frame. The outline of the defined region was then copied and superimposed onto the corresponding phase-contrast image. Finally, the brightness of the pixels within the defined region was converted into the flow velocity. The flow rate was calculated from the axial velocities within the defined region at each moment in time, and the stroke volume was estimated by integrating the flow rate over the entire cycle.
Phantom model experiments were used to examine Table 1 General information about the subjects the reliability of the 2D cine phase-contrast MR measurements. Figure 1 illustrates the experimental setup with the phantom model, which consisted of a polyvinyl-chloride pipe (JIS K6742-506) with an inner lumen diameter of 2 cm, a flow reservoir, and a pump. The test fluid was a 40% glycerol solution with a density of 1100 kg/m 3 and viscosity of 0.0042 Pa·s. A 2.5-m-long straight zone was prepared in proximity to the MRI. Note that the length of this straight zone was not sufficient to permit full development of Poiseuille flow; rather, it was designed to dampen the flow disturbances created by the pump. Steady flow with various flow rates was achieved using two different pumps (Nikkiso Magpon CP20PPRV-10 and CP40-PPRV-10, Nikkiso, Japan), depending on the flow rate. The flow rate was controlled stepwise such that the cross-sectional average flow velocity was 0.3-0.7 m/s; the corresponding Reynolds numbers were 1570-3670. The flow rate was calibrated by measuring the volume of the outflow with a measuring cylinder at the end of the phantom model circuit during the experiment. In the actual experiment, two cylindrical bottles filled with NiSO 4 solution were placed along both sides of the measurement section of the pipe to obtain a sufficient intensity of nuclear magnetic resonance signals released by excited protons.
For the human measurements, data were acquired from three male volunteers with normal electrocardiograms (ECGs) who had no history of cardiovascular disease. Detailed information about the subjects and the sites where the blood flow velocity profile was measured are shown in Table 1 . Written informed consent was obtained from all volunteers with the approval of the Human Study Committee of Tohoku University. The subject was laid in the supine position on a bed equipped with the MR scanner. Then scout scans of the coronal, sagittal, and transverse planes were performed to identify the aortic valve and ascending aorta. The scout scan of the coronal plane for subject 1 is presented in Fig. 2 . The slice to be scanned to actually measure the phase and magnitude images was then determined based on the scout scans so that it transversely covered a plane 2 cm (subject 1 and 2) or 5 cm (subject 3) distal to the aortic valve. A series of 20 equidistant images per heart beat interval were acquired for each subject using ECG synchronization. The trigger pulse was obtained from the R-wave of the ECG. The time interval between data acquisitions was 45 ms (subject 1 and 2) and 54 ms (subject 3). An example of the magnitude and phase-contrast images for subject 1 is shown in Fig. 3 .
Results
The 2D cine phase-contrast MR examinations were evaluated using the phantom model. Figure 4 shows the correlation between the volume flow rates calculated from the phase image of a transverse slice through the phantom model and those measured with the measuring cylinder. There was good agreement between the values, even at higher flow rates where some turbulence might be expected.
In the human study, the intra-observer variation for estimating the flow rate was assessed as a coefficient of variation (SD/mean × 100%) for five randomized trials of tracing the aortic lumen on subject 3 by the same ob- Table 2 summarizes the values of the coefficient of variation calculated for the area, spatially averaged velocity, and flow rate at all measured time points. All the coefficients of variation, except the velocity and flow rate at t = 982 ms, were less than 5%, which was sufficiently small to demonstrate the reproducibility of our 2D cine phase-contrast MR velocity measurement technique. The probable cause for the large coefficient of variation at t = 982 ms was an extremely low value of the flow velocity at that time in diastole. Figures 5 and 6 show contour plots of the axial velocity and vector plots of the secondary flows at the plane 2 cm distal to the aortic valve at t = 1, 91, 182, 273, 364 and 682 ms for subjects 1 and 2. For convenience, hereafter this plane is referred to as the supra-aortic valvular plane. The view angle is indicated at the top of the figures, and a positive flow velocity indicates that the flow travels upward to the head. The axial velocity profile at the aortic annulus showed a similar trend between the subjects during the cardiac cycle. In early systole, the flow velocity was relatively high near the anterior side of the vessel (Figs. 5 (b) and 6 (b) ). As systole progressed, the velocity at the central part increased, resulting in an approximately axisymmetric velocity profile at mid-systole (Figs. 5 (c) and 6 (c)). Between middle and late systole, the velocity profile became slightly skewed, with faster flow devel- By contrast, the secondary flows varied widely between the subjects. In subject 1, the secondary flows were globally directed towards the left posterior side of the vessel in early systole (Fig. 5 (b) ). After the peak of systole, the secondary flows were randomly oriented ( Fig. 5 (d) ). The secondary flows were stronger in subject 2. In this subject, some clockwise swirls were observed near the posterior wall ( Fig. 6 (d) and (e)). Figure 7 illustrates contour plots of the axial velocity and vector plots of the secondary flow at the plane 5 cm distal to the aortic valve at t = 1, 55, 164, 273, 382, and 819 ms for subject 3. Hereafter, this plane is referred to the ascending aortic plane. In early systole, the velocity profile was almost flat. As systole progressed, the flow velocity increased at the right side of the vessel. Then, the position of the higher flow velocity moved counterclockwise towards the anterior side of the vessel between middle and late systole. At the same time, backflow occurred at the left posterior side of the aorta, that is, the opposite side of the higher flow velocity. The secondary flow showed a counterclockwise rotational pattern consistent with the movement of the higher axial velocity fluid. The diastolic flow at the ascending aortic plane was similar to that at the supra-valvular plane, i.e., the flow velocity was almost zero. The respective spatially-averaged, maximum, and minimum axial velocities during the cardiac cycle were 0.37, 0.60, and −0.50 m/s for subject 1, 0.24, 0.65, and −0.16 m/s for subject 2, and 0.21, 0.60, and −0.13 m/s for subject 3. The Reynolds numbers calculated using the spatially averaged axial velocity at the peak of systole and the diameter of the vessel lumen were 2 620 (subject 1), 2 360 (subject 2), and 2 310 (subject 3).
The flow rate calculated by integrating the flow veloc- Fig. 8 Time history of the aortic flow rate measured using 2D cine phase-contrast MRI ity over the section area is plotted against time in Fig. 8 . Here, the abscissa shows the elapsed time from the onset of systole. The calculated flow rate increased from the beginning of systole, reached a peak during mid systole, and decreased towards the end of systole. During diastole, the flow rate was almost zero. The stroke volume was 47.9, 42.6, and 68.4 ml for subjects 1, 2, and 3, respectively.
Discussion
The principles of cine phase contrast MR measurements have been verified by many pioneering studies (14) - (18) . Given that, this study successfully evaluated the reliability of flow data acquired with our MR system using a phantom model and human subjects. The phantom model experiment demonstrated the accuracy of the flow rate data within the normal physiological range. The procedure tested with the phantom model measurements was then used for the human studies. The reproducibility of the flow rate estimations was confirmed by a statistical analysis of the intra-observer variation. The time history of the aortic flow rate concurred with the results of Jin et al. (19) both quantitatively and qualitatively. The stroke volume estimated from the time history of the aortic flow rate was within the normal physiological range (20) . The calculated peak Reynolds number was also in a good agreement with physiological data (21) . These results suggest that our MR results are sufficiently reliable to discuss the hemodynamics in the aorta.
We observed that the position of the faster flow in the ascending aorta moved counterclockwise during the cardiac cycle. A comparison with flow data presented in Kilner et al. (2) suggests that the counterclockwise movement of the faster flow is associated with the development of helical flow in the aorta.
Previous studies (4) - (8) have suggested that the velocity profile in the ventricular outflow tract is conserved to the aortic annulus and skewed to the ventricular septum. By contrast, we found that the velocity profile above the aortic valve was almost axisymmetric. This difference could be caused by the aortic valve between the aortic annulus and the supra-aortic valvular plane. In support of this hypothesis, De Hart et al. (22) showed that blood flow is driven to the center of the vessel when passing through the aortic valve.
There was a difference in the velocity profiles at the supra-aortic valvular plane and the ascending aortic plane. This could have been induced by the spatial distortion of the aorta. Once blood enters the aorta, the bends and twists of the aorta increasingly affect it. Consequently, aortic flow has a different velocity profile from the flow at the aortic annulus (23) . This study demonstrated that the blood flow velocity profile at the supra-valvular plane was not at all uniform during systole. According to Nakamura et al. (24) and Yokosawa et al. (25) , the velocity profile of the aortic inflow greatly influences the wall shear stress in the region proximal to the aortic arch. These studies suggest that the assumption of a flat velocity profile at the inlet of the aorta, which has been used frequently in previous studies (23) , (26) , (27) , should be reconsidered. There are some specific limitations to our study. Aortic flow is somewhat turbulent (28) , and turbulent flow limits the accuracy of the measurements. This might introduce some errors in the velocity data, although all the data presented here were within the normal physiological range. Another limitation is the fixed nature of the scanned section over the entire cardiac cycle. According to Jin et al. (19) , the ascending aorta, including the aortic root, moves up and down over approximately 1 cm during the cardiac cycle. Therefore, the velocity profile presented here was not always measured at the "same" section from an anatomical point of view. Motion compensation strategies, such as section tracking (29) , which are now often used to reduce respiratory artifacts, might be adopted in the future to perform prospective motion corrections for the aorta.
Conclusion
The velocity profile of aortic flow was quantified using 2D cine phase-contrast MRI. The quality and reliability of this technique were demonstrated with phantom model measurements and human studies. The velocity profiles at the supra-aortic valvular plane and the ascending aortic plane were not uniform over the section and exhibited complex secondary flows. The Reynolds number, volume flow rate, and stroke volume computed from the measured data were all within the normal physiological range. In conclusion, the 2D cine phase-contrast MRI technique is capable of providing detailed information about the flow velocity and configuration of a blood vessel, making it a promising tool for analyzing complex hemodynamics in the aorta.
